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• StarLib Database

•     New CNO data from LUNA 
14N(p,)15O - 15N(p,)16O - 17O(p,)18F  
17O(p,)14N - 18O(p,)19F - 18O(p,)15N
12C(p, ), 13C(p, ) , 16O(p, ) 

•       R-Matrix Formalism

-Accurate (multi-level Breit-Wiegner)

-It include interference and DC effects

AZURE2 open access code

29/05/2025 INPC 2025 - Daejeon, Korea
2

CNO cycle



11C 12C 13C 14C

13N 14N 15N 16N

15O 16O 17O 18O 19O

17F 18F 19F 20F 21F

19Ne 20Ne 21Ne 22Ne 23Ne

21Na 22Na 23Na 24Na 25Na

23Mg 24Mg 25Mg 26Mg 27Mg

(p,)

(p,) + 

25Al 26Al 27Al 28Al 29Al

CNO-I

CNO-II

CNO-III

Ne-Na cycle

Mg-Al cycle

Sun: ~15 MK

AGB:~30-100 MK

Massive Stars: ~ 100 MK

Novae~100-400 MK

• StarLib Database

•     New CNO data from LUNA 
14N(p,)15O - 15N(p,)16O - 17O(p,)18F  
17O(p,)14N - 18O(p,)19F - 18O(p,)15N
12C(p, ), 13C(p, ) , 16O(p, ) 

•       R-Matrix Formalism

-Accurate (multi-level Breit-Wiegner)

-It include interference and DC effects

AZURE2 open access code

29/05/2025 INPC 2025 - Daejeon, Korea
3

CNO cycle



LUNA site

LUNA 50 kV

1991-2001

LUNA 400 kV

2000→...

LUNA MV

2023→...

Background reduction with 

respect to Earth’s surface:

 ~ 10-6 

 ~ 10-2-10-5

neutrons ~10-3  
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Gran Sasso Laboratory (LNGS)



E beam  50 – 400 keV

I max  300 A   protons,4He       

Energy spread  70 eV

• 14N(p,)15O  (Sun,CNO-I cycle)

• 3He(4He,)7Be (Sun, BBN)

• 25Mg(p,)26Al  (Mg-Al Cycle)

• 15N(p,)16O  (CNO-II Cycle)

• 17O(p,)18F  (CNO-III Cycle)

• 2H(4He,)6Li  (BBN)

• 22Ne(p,)23Na (Ne-Na Cycle)

• 2H(p,)3He  (BBN)

• 13C(,n)16O  (s-process)

• 12,13C(p,)13,14N (12C/13C ratio)

• 22Ne(,)23Na (s-process)

•  

•   
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AGB stars: mixing mechanisms and isotopic 
composition 16O/17O (atmosphere and 
extrasolar grains)
Novae explosions: influences 19F and 15N 
abundances as measured in  pre-solar grains 
and satellite observations of 18F(+,)18O

Lebzelter et al. 2015

Astro Motivations
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1. Poles fit

2. S Factor evaluation

3. Reaction rate calculation

Procedure
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Data Literature
• Resonant parameters

* “Charged-particle thermonuclear reaction rates”
Longland, Iliadis et al. 2010 Nuclear Physics A 841
* more recent works
* Tilley et. al 1995 Nuclear Physics A595 (or similar)

• Cross section
* everything available

1. Poles fit

2. S Factor evaluation

3. Reaction rate calculation

Procedure
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AZURE2
• multi-channel – (p,) and (p,) or (p,p)
• multi-level: states up to 2 GK, high energy poles, 

relevant subthreshold states – here for primary -rays
• fit - poles widths most probable value and uncertainty

DC, low energy tail of higher energies resonances and 
interference included

Procedure

1. Poles fit

2. S Factor evaluation

3. Reaction rate calculation
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AZURE2
• multi-channel – (p,) and (p,) or (p,p)
• multi-level: stated up to 2 GK, high energy poles, 

relevant subthreshold states – here for primary -rays
• fit - poles widths most probable value and uncertainty

DC, low energy tail of higher energies resonances and 
interference included

recently directly measured in LUNA: 30(6) neV 
Gesue et al. 2024 PRL 133, 052701

Procedure

1. Poles fit

2. S Factor evaluation

3. Reaction rate calculation
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17O(p,)18F

17O(p,)14N

Procedure

1. Poles fit

2. S Factor evaluation

3. Reaction rate calculation
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S(E) stored

End

Extraction of a set of 
parameter values

R-matrix estimate

N iterations

Error distributions 
functions 

Procedure

1. Poles fit

2. S Factor evaluation

3. Reaction rate calculation
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17O(p,)18F

17O(p,)14N positive

17O(p,)14N negative 

Procedure

1. Poles fit

2. S Factor evaluation

3. Reaction rate calculation

29/05/2025 INPC 2025 - Daejeon, Korea
13



Reaction rate 
stored

End

Extraction of a set 
of  for narrow 

reso.

Stellar rate 
evaluation

same N 
iterations

Extraction of a 
stored S(E)

up to 2 GK in 1 MK steps

Procedure

1. Poles fit

2. S Factor evaluation

3. Reaction rate calculation

29/05/2025 INPC 2025 - Daejeon, Korea
14



Procedure

1. Poles fit

2. S Factor evaluation

3. Reaction rate calculation

Comparison with Iliadis 
2010 Nuclear Physics A841

Iliadis

Iliadis  +
Iliadis  -

64.5

183

17O(p,)18F

17O(p,)14N
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Comparison with Iliadis 
2010 Nuclear Physics A841

Iliadis

Iliadis  +
Iliadis  -

new Sp
Bruno et al.

64.5

183

poles

Di Leva et al.

interference

64.5

183

17O(p,)18F

17O(p,)14N

Procedure

1. Poles fit

2. S Factor evaluation

3. Reaction rate calculation
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• astrophysical impact under evaluation, publication soon

• 14N(p,)15O - 15N(p,)16O - 17O(p,)18F - 17O(p,)14N - 18O(p,)19F - 18O(p,)15N
      12C(p, ), 13C(p, ), 16O(p, ) –> in progress

complete in progress next future

Thank you for your attention!!!

The CNO LUNA Working Group: Carlo Broggini, Daniel Bemmerer, Carlo Gustavino, Axel Boeltzig, Paola Marigo, Antonio Caciolli,  Andreas Best, 
Matthias Junker, Carlo Bruno, Marialuisa Aliotta, Antonino Di Leva, Alba Formicola, David Rapagnani, Maria Lugaro, Gianluca Imbriani, Oscar Straniero

Outlooks
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Reaction Rate evaluation

Narrow Resonance approximation

R-Matrix cross section
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Binning effects
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